Purpose The diagnostic assessment and prognostic value of the posterior ligamentous complex (PLC) remains a controversial topic in the management of patients with thoracolumbar spinal injury. The purpose of this review was to critically appraise the literature and present an overview of the: (1) precision, (2) accuracy, and (3) validity of detecting PLC injuries in patients with thoracic and lumbar spine trauma. Methods Studies evaluating the precision, accuracy and/or validity of detecting and managing PLC injuries in patients with thoracic and/or lumbar spine injuries were searched through the Medline database (1966 to September 2011). References were retrieved and evaluated individually and independently by two authors. Results Twenty-one eligible studies were identified. Few studies reported the use of countermeasures for sampling and measurement bias. In nine agreement studies, the PLC was assessed in various ways, ranging from use of booklets to a complete set of diagnostic imaging. Inter-rater and intra-rater kappa values ranged from 0.188 to 0.915 and 0.455 to 0.840, respectively. In nine accuracy studies, magnetic resonance (MR) imaging was most often (n = 6) compared with intra-operative findings. In general, MR imaging tended to demonstrate relatively high negative predictive values and relatively low positive predictive values for PLC injuries. Conclusions A wide variety of methods have been applied in the evaluation of precision and accuracy of PLC injury detection, leaving spinal surgeons with a multitude of variable results. There is scant clinical evidence demonstrating the true prognostic value of detected PLC injuries in patients with thoracic and lumbar spine injuries. We recommend the conduct of longitudinal clinical follow-up studies on those cases assessed for precision and/or accuracy of PLC injuries.
Introduction
Many classifications systems have been proposed to assist spinal surgeons in the treatment decision-making of thoracic and lumbar spine injuries [1] . In order to be useful, a spinal injury classification system should be reliable, accurate and clinically relevant [2] . As such, a classification should facilitate a surgeon in determining the 'stability' of the injured spine and its potential consequences.
In his classical paper on the 'fractures, dislocations, and fracture-dislocations of the spine', Sir Frank Holdsworth [3] was the first to note that posttraumatic spinal stability depends upon whether or not the posterior ligament complex (PLC) remained intact. Holdsworth considered the following four structures forming the PLC: the facet joint capsules (FJCs), supraspinous ligament (SSL), interspinous ligament (ISL), and the ligamentum flavum (LF).
The pivotal role of the PLC in determining posttraumatic spinal instability has recently been reinforced by the Spinal Trauma Study Group (STSG) [4, 5] . In both the thoracolumbar injury severity scale (TLISS) and thoracolumbar injury classification and severity score (TLICS), the PLC forms one of the three key 'injury characteristics' [4, 5] . Despite the introduction of these novel classifications, controversy about the diagnostic assessment and prognostic value of the PLC in the management of spinal trauma patients remains.
The aim of this review was to critically appraise the literature and present an overview of: (1) the precision, (2) accuracy, and (3) validity of detecting PLC injuries in patients after thoracic and lumbar spine trauma. This enabled us, and would enable the reader, to judge the validity of previous reports and reconsider the role of PLC injuries in the management of spinal injuries. Furthermore, it identifies areas for improvement to be considered in future research initiatives.
Materials and methods

Search strategy and study eligibility criteria
In order to identify relevant articles on the precision and accuracy of detecting PLC injuries, we conducted a computerized search using the Medline (1966 to September 2011) database. The search terms used in Medline, PubMed interface, are presented in Fig. 1 . The initial screening for eligibility included the following two criteria. The study had to consist of a clearly defined group of patients with thoracic and/or lumbar spine injuries. In addition, data on precision, accuracy and/or validity of detecting and managing PLC injuries had to be presented. Studies combining patients with cervical spine injuries with patients with thoracic and/or lumbar spine injuries were excluded. Articles published in languages other than English and articles without an abstract were also excluded.
Data abstraction
Titles and abstracts were first screened; potentially relevant articles and reports were then retrieved and evaluated individually and independently by two authors (J.J.vM, A.F.J.). To ensure that no relevant studies were missed by the Medline search, we also performed a manual crossreference search of the citations of each included article to obtain further relevant studies. In each phase, and in all cases, disagreement concerning inclusion of articles was resolved by discussion and consensus agreement.
Critical appraisal
Three different components for the evaluation of PLC injuries were addressed during critical appraisal of included articles: precision, accuracy and validity.
Precision, or reliability, is the extent to which repeated measurements under similar conditions of the same case agree with one other. Referring to the detection of PLC injuries, three main sources of measurement variation have been identified [6] . (1) Observer variation is the most frequently assessed type of variation and can be split into two components: inter-rater reliability and intra-rater reliability. Inter-rater reliability assesses the reliability, or agreement, of identifying a PLC injury when measured by different people under similar conditions. Intra-rater reliability assesses the reliability, or reproducibility, of identifying a PLC injury when measured more than once by the same rater. The other two sources of measurement variation; (2) instrument variation and (3) subject variation, are generally less commonly evaluated in spinal trauma imaging studies. However, when comparing different studies these aspects become more important.
The most straightforward method to assess inter-or intra-rater reliability is to evaluate percent agreement. A more popular method of assessing agreement is the use of the Cohen's Kappa (j) statistic. Unlike percent agreement, Cohen's Kappa assesses the amount of agreement actually observed relative to the amount of agreement that would be expected by chance [7] . The Cohen's Kappa statistic is traditionally applied for assessing the agreement on two nominal categories between two observers [8] . Kappa values can range from zero, representing no agreement beyond what would be expected by chance, to a value of 1.0, representing perfect agreement. Landis and Koch [9] have proposed the following categories for strength of agreement for the kappa coefficient: B0 = poor, 0.01-0.20 = slight, 0.21-0.40 = fair, 0.41-0.60 = moderate, 0.61-0.80 = substantial, and 0.81-1 = almost perfect. Although this categorization is commonly applied, no consensus exists as to what constitutes an ''acceptable'' kappa coefficient. To analyse the reliability of data of an ordinal, interval, or ratio level of measurement, the use of the intraclass correlation coefficient (ICC) is preferred.
Accuracy is the degree to which the measurement actually represents what it is intended to represent. The accuracy of a test is best assessed by comparing it whenever possible to a 'reference standard' technique that is considered to accurately represent the truth. Insightful reviews on measures of diagnostic accuracy, including sensitivity, specificity and positive and negative predictive values (PPVs and NPVs) have been published previously [10, 11] . For the purpose of the current review accuracy values were extracted or, when necessary, re-calculated based on data reported in the original study.
The combination of accuracy and precision measures of detecting PLC injuries does not provide a clinician with enough information necessary for treatment decisionmaking. Identifying and measuring PLC injuries should also be clinically meaningful as can be expressed in terms of content, construct and prognostic validity.
Content validity examines how well a measurement represents all aspects of the phenomena under study. Content validity of a measurement is often established through subjective judgments, i.e. face validity, about whether the relevance and applicability of a diagnostic item seems reasonable [2, 12] .
Construct validity refers to how well a measurement conforms to theoretical constructs. For instance, if a specific PLC injury characteristic is theoretically believed to guide between two treatment options, a measure of this characteristic that has construct validity would show this guidance on the choice of treatment [2, 12] .
Predictive validity, or prognostic validity, refers to the degree to which a variable can predict other outcomes of the same construct. For instance, if a specific PLC injury characteristic is theoretically believed to have an impact on the post-traumatic stability of the spine, a measure of this characteristic that has predictive validity would accurately predict the outcome of this injury when left untreated [12] .
Apart from these general study features, included articles were also reviewed for the reporting of more specific methodological study characteristics. Based on items covered by both the STROBE statement [13] and the STARD initiative [14] , we abstracted the reporting of following bias prone features: method of data retrieval, method of patient identification, method of agreement evaluation, method of accuracy evaluation, study setting, duration between assessments, eligibility criteria, descriptive details of assessed spinal injuries, observer details, definitions of PLC injuries and (if applicable) details of magnetic resonance (MR) imaging.
Results
Search and screening results
The computerized search strategy resulted in 801 citations. After screening of titles and abstracts, 45 remaining potential eligible articles were obtained for full-text screening. Twenty-six articles were excluded during fulltext screening. The majority of the irrelevant articles did not present agreement, accuracy or validity parameters or also evaluated cervical spine injury patients. Cross-referencing resulted in two additional citations. This resulted in a total number of 21 included articles of this review. Eight studies evaluated the agreement on PLC injury evaluation [15] [16] [17] [18] [19] [20] [21] [22] , another eight studies evaluated the accuracy of detecting PLC injuries [23] [24] [25] [26] [27] [28] [29] [30] and one study evaluated both agreement and accuracy [31] . Four studies reported on different validity components of PLC injuries [32] [33] [34] [35] .
Precision of detecting PLC injuries
Study characteristics and methodology
Nine studies reported on the precision of PLC injury detection (Table 1 ). In seven studies, PLC injury detection was part of a spinal injury classification validation process. In these classification validation studies, diagnostic modalities provided to observers ranged from clinical history descriptions to MR imaging. The method of assessing the status of the PLC varied considerably; in two studies the use of a booklet was reported, one study reported the use of a 'survey', one study reported the use of a CD-ROM and in two classification validation studies the method of PLC evaluation was not reported. Koh et al. [15] reported their methods in detail: all observers assessed all included subjects' medical records, X-rays, CT and MR images. Two studies focused on the agreement on PLC injury detection outside the scope of spinal injury classifications. In these two studies, MR was the single diagnostic modality provided to observers. An overview of methodological properties of the agreement studies is presented in Table 2 . Only one study reported the setting of its conduct (patients were recruited in a level 1 trauma centre). Two studies reported the recruitment of cases from a consecutive series and, in another study cases were selected based on indeterminate plain-film radiographs. The injury characteristics of included cases, including number, type and level of injury, were partially presented in four studies. The experience of observers was specified in two studies. Two out of nine studies reported details on MR tesla values, sequence types and timing of MR (see Web table 1 ). The utilization of a fat-suppressed T2 MR imaging sequence was reported in one study.
Definitions
Five studies reported and applied the same 'four-structure' definition of the PLC (see Table 1 ). The applied definition of the PLC was not reported in four studies. All of the classification validation studies evaluated PLC injury as a broad entity only, except from Schweitzer et al. [16] , who also evaluated diastasis of the facet joints on CT and 'posterior' oedema-like signal on MR imaging. In the two remaining studies [17, 31] , ruptures of the SSL and ISL on MR imaging were assessed and considered representative of a PLC injury. Table 3 presents the agreement values on the detection of PLC injuries as reported in and extracted from included studies. Eight studies evaluated the agreement on detecting an injury of the PLC as a broad entity. Unweighted interrater kappa values were presented in all studies and varied from 0.188 to 0.803. Intra-rater kappa values for PLC injury detection ranged from 0.455 to 0.810. Two studies evaluated the agreement on the detection of inter-and supraspinous ligament injuries separately. The inter-rater kappa values on detecting SSL and ISL injuries ranged from 0.630 to 0.690 and 0.631-0.915, respectively. For the same PLC structures, Dai et al. [17] reported intra-rater kappa values of 0.771-0.805 and 0.803-0.840, respectively. Schweitzer et al. [16] reported low inter-rater kappa values for the detection of diastasis of the facet joints on CT and 'posterior' oedema-like signal on MR imaging (see Table 3 ).
Agreement values
Accuracy of detecting PLC injuries
Study characteristics and methodology
Nine studies reported on the accuracy of detecting PLC injuries (Table 4) . In six studies, the accuracy of PLC injury detection on MR imaging was assessed by applying intra-operative PLC evaluation as a reference standard. MR imaging was applied as a reference standard in three studies. Two studies compared ultrasound findings with MR imaging and/or operative findings.
Although no study reported the setting of the involved study centres, five studies documented a detailed overview of the numbers, types and levels of spinal injuries under study (see Table 5 ). Whereas eight studies reported the number of observers assessing the diagnostic test under study, three studies clearly stated whether the test was assessed by the same observer in all cases. The number of observers of the reference was reported in four studies. The blinding status of the test and reference observers was reported in eight and five studies, respectively. Two studies documented blinding of both test and reference observers. Except for the study by Vordemvenne et al. [30] , none of the accuracy studies provided details about the experience of the observers. 
Definitions
Seven studies reported and applied the same 'four-structure' definition of the PLC (see Table 4 ). Vaccaro et al. [24] reported an additional fifth structure of the PLC; the thoracolumbar fascia. In the study by Leferink et al. [26] , only the inter-and supraspinous ligaments were considered to form the PLC. Despite comparable definition of the PLC among included studies, there was a variety of PLC components evaluated for accuracy. Six studies evaluated the accuracy of detecting PLC injury as a broad entity and six studies evaluated the accuracy of detecting injuries of specific PLC structures. Using ultrasound diagnostics, Vordemvenne et al. [30] also evaluated the presence of a hematoma below the SSL, which was considered as an indirect sign of PLC injury.
Accuracy values
Accuracy data on the detection of PLC injuries are presented in Table 6 . Two studies evaluated the accuracy of detecting an injury of the PLC as a broad entity on MR imaging [30, 31] . Although detailed accuracy data were not presented, the PPVs and NPVs were high ([93 %). Except for ultrasound, other diagnostic tests showed much lower NPVs for PLC injury detection than MR imaging.
Using surgical procedures as a reference, five studies evaluated the accuracy of MR imaging for detecting SSL injuries. The accuracy ranged from 73.9 % in the study with the largest patient sample (n = 42) [24] to 100 % in a study with the smallest patient sample (n = 5) by Moon et al. [27] . The latter study presented equally accurate values for ultrasound (100 %). Comparing CT and myelography findings with MR imaging reference, Petersilge et al. [28] found a low sensitivity (28.6 %) for the detection of SSL injuries. In general, less false positive SSL injuries were detected with ultrasound and CT when compared to MR imaging. For the detection of ISL injuries, comparable accuracy data were found as for SSL injuries.
Compared to inter-and supraspinous ligament injuries, MR imaging demonstrated lower sensitivity values for the detection of ligamentum flavum injuries [23] [24] [25] 27] . Moon et al. [27] demonstrated optimal specificity rates (100 %) for ligamentum flavum injury detection with both ultrasound and MR imaging using surgery as a reference. The accuracy of detecting facet joint capsule disruptions and thoracolumbar fascia injuries was evaluated by Vaccaro et al. [24] and found to be relatively low (69-79 %). Vordemvenne et al. [30] found low predictive values for detecting a hematoma below the supraspinous ligament (see Table 6 ).
Measuring and managing PLC injuries: face and predictive validity Four studies evaluating aspects related to the validity of PLC injury measurement and management were retrieved. In a survey study among 28 members of the STSG, participants were asked to rank a list of various criteria potentially indicative of PLC injury [34] . Vertebral body translation as discerned on plain radiographs was ranked as the most important indicator for PLC disruption, followed by ''interspinous spacing greater than that of level above or below'' as discerned on anteroposterior plain radiograph and ''diastasis of the facet joints'' on CT. Applying a similar study design, the STSG subsequently asked participants to rank a list of various criteria potentially indicative of PLC injury in the setting of normal plain radiographs [33] . This time ''diastasis of the facet joints'' on CT was ranked as most important indicator for PLC injury, followed by ''posterior oedema (high signal intensity) in region of PLC elements'' on T2 STIR or FAT SAT sagittal MR imaging and ''Disrupted PLC components'' on T1 sagittal MR imaging.
In another survey study conducted by the STSG, participants were asked to formulate their personal approaches to the management of different case scenarios with thoracolumbar injuries [35] . Independent of a patient's neurological status, signs suggestive of PLC injury resulted in a shift towards posterior and circumferential surgical treatment strategies among the participants. One study evaluating the prognostic value and predictive validity of the PLC status was retrieved. Alanay et al. [32] performed a non-comparative, prospective, longitudinal analysis on 15 consecutive patients with a thoracolumbar burst fracture without neurological deficits. All patients underwent MR imaging indicating no injury of the PLC. After non-operative treatment and a minimum follow-up of 2 years, a loss of sagittal alignment was observed without having impact on patient-reported outcome measures. It was concluded that an intact PLC, as discerned on MR imaging, does not prevent loss of sagittal correction of the thoracolumbar spine. The loss of correction, however, was no shown to have an observable clinical impact on patients.
Discussion
This systematic review of the literature clearly exposes the controversy about the diagnostic assessment and prognostic value of the PLC in spinal trauma patients. A variety of methods have been applied to evaluate the precision and accuracy of detecting PLC injuries, leaving spinal surgeons with a multitude of variable reported results. This review included level 3b and 4 of evidence studies only and demonstrated the included studies' susceptibility to both sampling and measurement bias [36] . Moreover, most studies did not accurately describe which structures discerned on which diagnostic assessments were evaluated for precision or accuracy. Finally, and perhaps most importantly, there is scant clinical evidence demonstrating the prognostic value of detected PLC injuries in patients with thoracic and lumbar spine injuries.
The majority of included the studies did not report the method of patient recruitment and the use of eligibility criteria in detail. Consistent recruitment of patients with use of justified, unambiguous eligibility criteria reduces the magnitude of sampling bias. Especially considering the setting of specialized tertiary spinal trauma centres, referral bias has a profound impact on a study's external validity. A study conducted in a general hospital most likely includes a relatively large proportion of patients with 'mild' spinal column injuries without PLC injury. Such a filtered, unbalanced patient sample complicates the interpretation and generalizability of presented agreement and accuracy values. To increase insight into the potential magnitude of sampling bias, we recommend authors to present relevant injury characteristics of all included patients and, ideally, also of those patients not meeting inclusion criteria. In addition, detailed reporting of which standardized diagnostic tests have been performed before and after the moment of patient recruitment will improve the reader's understanding on the magnitude of workup, or verification, bias; another important confounding element in studies assessing the accuracy of PLC injury detection [6] .
Most of the studies evaluating the agreement on detecting PLC injuries were published on behalf of the STSG [16, [18] [19] [20] [21] [22] . In these classification validation studies, the assessment of the PLC status was part of the validation process of the TLISS [18] [19] [20] [21] [22] and TLICS [16, 22] . Taking a closer look at the original paper introducing the TLISS classification, it becomes clear that neither the PLC, nor an injury of this structure, has been defined in detail [5] . This was partly acknowledged with the introduction of its successor, the TLICS [21] . In their discussion, the authors state: ''Strict criteria regarding what constitutes a PLC injury radiographically… may improve accuracy when using the TLICS system.'' [21] Unfortunately, these 'strict criteria' were not provided for the TLICS either and have yet to be elucidated. Given that no clear definitions of the PLC and criteria for PLC injury were provided, the next logical question follows: how was agreement on detecting a PLC injury then assessed? Table 1 provides the answers. There is a considerable methodological difference between detecting PLC injuries with use of 'booklets' [18, 20] and 'all available X-rays, CT and MR images' [15] . This, in combination with a low methodological quality of most of the TLISS validation studies (see Table 2 ) [18, [20] [21] [22] leaves the presented agreement values incomparable to results from other precision studies. Those studies that assessed the precision of detecting ISL and SSL injuries specifically demonstrated promising agreement values [17, 31] . However, as only three radiologists were involved in these studies [17, 31] the agreement among spine specialists still warrants further investigation. Additionally, the relative predictive value of the ISL and SSL as isolated structures may be less important compared to the broader definition of the PLC.
Most of the studies evaluating the accuracy of detecting PLC injuries compared MR imaging with intra-operative findings. Only two out of the seven studies that applied intra-operative findings as a reference standard reported blinding of reference observers (surgeons) with respect to test (imaging) findings. Moreover, for the detection of specific ISL and SSL injuries, we found a tendency of studies with small sample sizes and low methodological quality demonstrating high accuracy values [23, 27] and studies with larger sample sizes and higher methodological quality demonstrating lower accuracy values [24, 25] . Vaccaro et al. [24] demonstrated low specificity values for detecting ISL and SSL injuries on MR imaging, indicating a large proportion of false positively identified injuries. Although ultrasound and other radiographic diagnostics demonstrated higher specificity values than MR imaging, the latter modality demonstrated less false-negative ISL and SSL injuries. These diagnostic accuracy data indicate that MR imaging results in an overestimation of the number of PLC injuries. Therefore, MR imaging may not yet have met the requirements of becoming a new reference standard for the detection of specific PLC injuries as has been hypothesized in previous literature [23, 37] . It should be noted, however, that as diagnostic imaging technology continuously evolves, previously reported reliability and accuracy findings for MR imaging may become outdated over time. New advances in imaging technologies may result in more accurate assessments of the PLC's integrity and may also lead to improved precision and agreement among surgeons. The statement on the limited role of current MR imaging techniques is supported by the survey study reported by Vaccaro et al. [34] . The top three ranked criteria potentially indicative of PLC injury did not comprise MR imaging criteria. However, in the light of the current review this is a remarkable finding as the majority of previously published accuracy data of detecting PLC injuries focuses on MR imaging with surgery being applied as a reference (see Table 6 ). The foremost explanation for the survey's finding can be sought in the contemporary diagnostic workup of spinal injuries. In contrast to plain radiographs and CT, MR imaging is not part of the current, routine diagnostic workup in the clearance of the thoracic and lumbar spine [38] . Surgeons naturally try to obtain as much as possible clinically relevant information from available diagnostic imaging (i.e. plain radiographs and CT) before requesting additional diagnostic assessments (i.e. MR imaging). In addition, the survey focuses more on the PPV of indicators for a PLC injury (e.g. presence of ''diastasis of the facet joints'') rather than the NPV of indicators for such an injury (e.g. absence of ''diastasis of the facet joints''). The authors of the survey study rightfully discussed that the diagnostic management becomes less straightforward when no signs of PLC injury can be detected on routine plain radiography or CT [34] .
The succeeding survey study published by Lee et al. [33] indicates that surgeons consider ''various characteristics'' that can be assessed on MR imaging as more helpful in detecting a PLC injury when compared to plain radiographs and CT. The question which arises then is: do all patients with a thoracic and/or lumbar spine injury without signs of PLC disruption on radiography or CT require MR imaging? From a pragmatic point of view the answer to this diagnostic workup question would be no. However, this review demonstrates that, from a scientific point of view, evidence to support this pragmatic approach is missing.
In fact, to our knowledge no study has been published presenting details on the prognostic value of PLC injuries related to radiographic, neurological and patient-reported outcomes. Alanay et al. [32] already demonstrated that the integrity of the anterior column has a more profound effect on radiological outcomes than what has previously been attributed to the PLC. Except from this reference, no other clinical study has analysed Holdsworth's hypothesis on the crucial role of the PLC for posttraumatic spinal stability. In contrast to the strong lack of prognostic data, the current review included various studies that evaluated the accuracy of PLC injury detection. However, as visualized in Fig. 2 , determining the accuracy of PLC injury detection is less important than the assessment of its precision and prognostic value. While the PLC status, as discerned on CT, may not be as accurate or detailed as current MR imaging techniques, routine CT findings may demonstrate comparable or even stronger relations with treatment outcomes than MR imaging (i.e. better prognostic validity). Insight into the prognostic value of PLC injuries may provide much more clinically relevant information for a spinal surgeon than knowledge on whether current diagnostic techniques do reflect the truth accurately or not.
Ideally, future research should consider all three components of PLC injuries in thoracic and/or lumbar spine injuries: precision, accuracy and clinical relevance. The inability to assess the integrity of the PLC status in nonoperatively treated patients (see Fig. 2 ) can be countered by analysing the precision and prognostic validity of detecting PLC injuries. Longitudinal follow-up of those cases assessed for precision and/or accuracy of PLC injuries are therefore needed and would bring the debate on the management of PLC injuries to a more constructive level. Only then reliability and accuracy measures on the PLC status can be translated to valuable arguments in the prognostication and treatment decision-making of spinal injuries.
